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Abstract
We show that type I string theory compactified in four dimensions
in the presence of constant internal magnetic fields possesses N = 1
supersymmetric vacua, in which all Ka¨hler class and complex structure
closed string moduli are fixed. Furthermore, their values can be made
arbitrarily large by a suitable tuning of the quantized magnetic fluxes.
We present an explicit example for the toroidal compactification on T 6
and discuss Calabi-Yau generalizations. This mechanism can be com-
plementary to other stabilization methods using closed string fluxes
but has the advantage of having an exact string description and thus a
validity away from the low-energy supergravity approximation. More-
over, it can be easily implemented in constructions of string models
based on intersecting D-branes.
∗On leave of absence from CPHT, Ecole Polytechnique, UMR du CNRS 7644.
1 Introduction
The problem of moduli stabilization in string compactifications is of great
interest and significant progress has been made recently based on closed
string fluxes [1, 2]. For instance, by a suitable choice of NS-NS (Neveu
Schwarz - Neveu Schwarz) and R-R (Ramond - Ramond) 3-form fluxes, one
can find N = 1 supersymmetric vacua where all complex structure moduli,
as well as the dilaton, are fixed [1]. A disadvantage of the method is that
there is no exact string description of such fluxes and thus the analysis is
restricted to the lowest order in α′ expansion, described by the effective
field theory. Moreover, generalization of the stabilization mechanism to
Ka¨hler class moduli requires introduction of non-perturbative effects which
are again treated in the low-energy supergravity approximation [3].
In this work, we present an alternative mechanism of moduli stabilization
based on open string constant magnetic backgrounds that have an exact
description in string theory [4, 5]. In fact, magnetic fluxes can be turned
on in any 2-cycle of the internal compactification manifold. In the simplest
case, magnetic backgrounds on (1,1)-cycles fix Ka¨hler class moduli [6], while
backgrounds on holomorphic (2,0)-cycles fix complex structure moduli. This
is illustrated in a simple example of a toroidal compactification on T 6, with
a suitable choice of internal magnetic fields that must be turned on in several
Cartan directions of the higher-dimensional (D9-brane) gauge group (such
as SO(32)). In this example, we demonstrate that all closed string moduli,
but the dilaton, can be fixed in a vacuum preserving N = 1 supersymmetry,
in terms of the magnetic fluxes.
There are three important ingredients in this stabilization mechanism.
The first is the non linearity of the Dirac-Born-Infeld (DBI) action which al-
lows to fix all Ka¨hler class moduli, including the overall volume. The second
is the fact that magnetized D9-branes in a six dimensional internal mani-
fold induce partly negative five-brane tension, which makes possible tadpole
cancellation in a supersymmetric configuration, without adding lower di-
mensional D-branes or orientifold planes (such as D5 or O5). The third is
the use of magnetic fluxes in non-diagonal directions of the internal space
which allows to fix all non-diagonal components of the metric. For instance,
in the particular example we present in this work, the metric is fixed to a
completely diagonal form. It is also interesting to point out that despite the
use of α′ corrections (non-linear terms), it turns out that the moduli can be
stabilized at arbitrarily large values by tuning appropriately the quantized
magnetic fluxes.
This mechanism can be obviously combined with the presence of closed
type IIB string 3-form fluxes, allowing to fix the dilaton and the complex
structure of more general compactification manifolds. It can also be easily
implemented in constructions of string models based on D-branes at angles.
Finally, it should be a priori possible to generalize it in order to stabilize
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moduli in vacua with broken supersymmetry, following arguments similar
to those of refs. [3, 1] for 3-form fluxes.
Our paper is organized as follows. In Section 2, we recall the main
properties of the six-dimensional toroidal compactification and its moduli
space [7, 8]. In Section 3, we consider open string propagation in the pres-
ence of constant internal magnetic fields [4] and summarize the conditions for
unbroken supersymmetry. In Section 4, we extract the equations that guar-
antee the existence of one unbroken supersymmetry preserved by a stack of
magnetized D9-branes [9, 10] and study the conditions for which this super-
symmetry is the same with the one preserved by lower dimensionalD-branes.
In Section 5, we analyze the above conditions and show how the moduli can
be stabilized by a suitable choice of several magnetic backgrounds in the
Cartan subalgebra of the gauge group. We also study the tadpole cancel-
lation conditions which are required for consistency of type I string vacua.
In Section 6, we come back to the toroidal T 6 compactification and present
an explicit solution of the supersymmetry equations and tadpole cancella-
tion conditions that fixes all Ka¨hler class and complex structure moduli in
terms of the magnetic fields. For completeness, we also give an explicit
numerical solution in Appendix A. In Section 7, we show that the above
solution can be appropriately “rescaled” to generate arbitrarily large values
for the internal radii. Moreover, in Appendix B, we present a corresponding
numerical example. In Section 8, we describe the stabilization of the R-R
moduli. In particular, we show that those complexifying the Ka¨hler class
metric deformations are stabilized by being absorbed in the (anomalous)
magnetized U(1) gauge fields that become massive [10]. Finally in Section
9, we discuss generalizations of the method to orbifolds and more general
compactifications, the problem of fixing the dilaton and other concluding
remarks.
2 Torus compactification
2.1 Parametrization of T 6
Consider a six-dimensional torus T 6 having six coordinates xi, yi with i =
1, 2, 3 and periodicity normalized to unity xi = xi + 1, yi = yi + 1 [7]. We
choose then the orientation∫
T 6
dx1 ∧ dy1 ∧ dx2 ∧ dy2 ∧ dx3 ∧ dy3 = 1 (2.1)
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and define the basis of the cohomology H3(T 6,Z)
α0 = dx
1 ∧ dx2 ∧ dx3
αij =
1
2
ǫilmdx
l ∧ dxm ∧ dyj (2.2)
βij = −1
2
ǫilmdyl ∧ dym ∧ dxj
β0 = dy1 ∧ dy2 ∧ dy3,
forming a symplectic structure on T 6:∫
T 6
αa ∧ βb = −δba , for a, b = 1, · · · , h3/2 , (2.3)
with h3 = 20, the dimension of the cohomology H
3(T 6,Z).
We can also choose complex coordinates
zi = xi + τ ijyj, (2.4)
where τ ij is a complex 3 × 3 matrix parametrizing the complex structure.
In this basis, the cohomology H3(T 6,Z) decomposes in four different co-
homologies corresponding to the purely holomorphic parts and those with
mixed indices:
H3(T 6,Z) = H3,0(T 6,Z)⊕H2,1(T 6,Z)⊕H1,2(T 6,Z)⊕H0,3(T 6,Z). (2.5)
The purely holomorphic cohomology H3,0 is one-dimensional and is formed
by the holomorphic three-form Ω for which we choose the normalization
Ω = dz1 ∧ dz2 ∧ dz3. (2.6)
2.2 Moduli space
Consider now the deformations δgij , δgij¯ of the flat metric on T
6 [8] . The
purely holomorphic variation δgij is parametrized by elements of the coho-
mology H2,1. Indeed, one can represent the corresponding (2, 1) deforma-
tions as:
χa˜ κλµ¯ ≡ −1
2
Ων¯ κλ
∂gµ¯ν¯
∂τ a˜
, a˜ = 1, . . . , h2,1, (2.7)
where h2,1 = dimH
2,1.
Next, we write the space of complex structures in terms of the periods of
the holomorphic 3-form. Define the canonical homology basis (Aa, B
b) dual
to the basis of H3 given in (2.2) by rewriting the symplectic structure (2.3)
as ∫
Aa
αb =:
∫
T 6
αb ∧ βa = −δab∫
Ba
βb =:
∫
T 6
βb ∧ αa = δba
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The periods of the holomorphic 3-form are then defined as
τa =
∫
Aa
Ω . (2.8)
Comparing with the definition (2.6) for Ω, we can identify the matrix ele-
ments of τ in the parametrization (2.4) of the complex basis with the periods
of Ω. The dimension of the space of complex structure moduli is then given
by the dimension of the cohomology H2,1 on the torus T 6, h2,1 = 9.
On the other hand, the metric variation δgij¯ is parametrized by elements
of the H1,1 cohomology
J = iδgij¯dz
i ∧ dzj¯ . (2.9)
Let eA, A = 1, . . . , h1,1, be a basis of H
1,1. In our case, one can choose:
eij¯ = idzi ∧ dzj¯ , (2.10)
so that the Ka¨hler form can be parametrized as
J = Jij¯e
ij¯ . (2.11)
The elements Jij¯ satisfy the reality condition J
†
ij¯
= Jj ı¯, implying that J
depends on nine real parameters. They can be used to parametrize the
space of Ka¨hler deformations whose dimension is given by the dimension of
the cohomology H1,1 on the torus T 6, h1,1 = 9.
3 Type I string theory: Fluxes and conserved su-
percharges
3.1 Magnetic fluxes
Consider a stack of N coincident D9 branes, giving rise to a U(N) N =
4 supersymmetric gauge theory. Pick up a U(1) subgroup in the Cartan
subalgebra of U(N) with gauge potential A, and turn on a constant magnetic
field. Thus, the corresponding field strength Fkl is constant and Ak =
−12Fklul, where ul stands for all six coordinates of T 6, xi and yi. This
constant magnetic background couples to the boundary of the open string
on the brane by quadratic terms in the world-sheet action Sws [4]. The
corresponding conformal field theory can therefore be solved exactly:
Sws = − 1
4πα′
∫
Σ
dtdσ
(
∂αX
µ∂αXµ − iψ¯µρα∂αψµ
)
−
∫
dtqLFkl
(
Xk∂tX
l − i
2
ψ¯kρ0ψl
)
σ=0
(3.1)
−
∫
dtqRFkl
(
Xk∂tX
l − i
2
ψ¯kρ0ψl
)
σ=π
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where α′ is the Regge slope, ψµ are the real Majorana fermionic superpart-
ners of the coordinates Xµ and ρα with α = 0, 1 are the two-dimensional
gamma-matrices. The indices k, l run over the magnetized dimensions k, l =
4, · · · , 9, whereas the indices µ, ν run over all ten-dimensional spacetime co-
ordinates µ, ν = 0, · · · , 9. The couplings of the left and right endpoints of
the open string to the background are given by the corresponding charges
qL and qR.
The field Fkl corresponds to a non trivial U(1) gauge bundle over the
torus T 6 with transition function around the cycles uk:
Ak
∣∣
ul+1
=
(
Ak − ie−iqθ∂keiqθ
) ∣∣∣∣
ul
, θ = Fklu
l (3.2)
with q = qL+ qR. Imposing the phase over each cycle u
k to be single-valued
leads to the usual Dirac quantization condition
q · Fkl = 2πmkl, ∀ k, l = 4, . . . , 9 , (3.3)
where mkl are integers corresponding to the first Chern class of the U(1)
gauge bundle. We can extend this quantization condition by taking into ac-
count the multiplicity nkl of the winding around the 2-cycles [u
k, ul]. Equa-
tion (3.3) is then modified as [12]:
q · Fkl = 2πmkl
nkl
, ∀ k, l = 4, . . . , 9 . (3.4)
Finally, we can easily extend our analysis in the presence of a NS-NS B-
field, which in type I compactifications has quantized values [11]. Its effect
consists of replacing q ·F by q ·F −B/(2πα′). This amounts to shifting the
integers mkl in the above quantization condition by mkl − bnkl, where b is
quantized and equals 1/2 or 0 in the toroidal case [see eq. (3.7) below].
3.2 Supersymmetry
The presence of constant internal magnetic fields generically breaks su-
persymmetry by shifting the masses of the four dimensional scalars and
fermions [5]. For suitable choice of the fluxes and moduli however, a four-
dimensional supersymmetric theory can be recovered [10]. In this section,
we analyze the conditions under which a supersymmetric vacuum can exist.
Consider the supersymmetric D9 brane action of type IIB string the-
ory [13]:
V = VDBI + VWZ , (3.5)
where
VDBI = −
∫
[d10X]e−φ
√
− det(gµν + Fµν) (3.6)
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is the Dirac-Born-Infeld (DBI) action extended in the superspace and VWZ
is the corresponding Wess-Zumino (WZ) term. φ is the string dilaton and
F is the 2-form field strength:
F = 2πα′qF −B , (3.7)
with F the usual field strength of the U(1) gauge field, F = dA, on the world-
volume of the D-brane with charge q, whereas B is the 2-form potential of
the NS-NS closed string sector. In the superspace formalism, the superspace
forms may be expanded in terms of the basis 1-forms dZM , or equivalently,
in the inertial frame basis EA = dZMEAM , with E
A
M being the supervielbein
of type IIB supergravity. The basis EA decomposes under the action of the
Lorentz group into a Lorentz vector Ea and a Lorentz spinor EαI . For type
IIB superspace, the latter is a pair of Weyl Majorana spinors, I = 1, 2. The
metric in the DBI action is defined as
gµν = E
a
µE
b
νηab . (3.8)
The superspace extension of the Wess Zumino (WZ) action is similar
IWZ =
∫
CeF , (3.9)
where C is a formal sum over the r-forms superspace potentials Cr:
C =
10∑
r=0
Cr , (3.10)
with r even.
The action (3.5) is invariant under the κ-symmetry transformations:
δκZ
MEaM = 0
δκZ
MEαM = [κ¯(1 + Γ)]
α
δκAµ = E
C
µ δκE
DBDC (3.11)
δB =
1
2
EAEDδκE
CHCDA + d(E
AδκE
CBCA)
δκφ = 0
where κ¯ is a ten-dimensional Majorana-Weyl spinor parameter, Aµ is the
gauge potential, and the 3-form HABC is the field strength of BBC , H = dB.
Its non-zero elements are Hαβc = iσ3
(
Γc
1+Γ(11)
2
)
αβ
, with Γc the spacetime
gamma-matrices. The matrix Γ for a D9 brane, appearing in the second
relation of (3.11), is
Γ =
√|g|√|g + F|
∞∑
n=0
1
2nn!
γµ1ν1...µnνnFµ1ν1 . . .FµnνnJ (n)(9) (3.12)
7
with
J
(n)
(9) = (−1)nσn+33 iσ2 ⊗ Γ(11)
Γ(11) =
1
10!
√|g|ǫµ1···µ10γµ1···µ10 , (3.13)
where γi1···in =
1
n!γ[i1 · · · γin] denotes complete antisymmetrization of the
corresponding gamma matrices, and the first term n = 0 in the sum of
(3.12) is reduced to J
(0)
(9) . Here, we denote |g| = det gµν , |g+F| = det(gµν +
Fµν), σi, i = 1, 2, 3 the usual Pauli matrices, and γµ = EaµΓa. Therefore,
the fraction of supersymmetry preserved by the D9 branes is given by the
dimension of the space of solutions of [14]:
(1− Γ)ǫ = 0 , (3.14)
where ǫ is the spinorial spacetime supersymmetry parameter ǫ = (ǫ1, ǫ2)
T .
On the other hand, considering the D9 brane as a source in a supergrav-
ity configuration, a supersymmetric vacuum asks for a second condition.
The expectation value of a supersymmetry transformation of the gravitino
must vanish in the the chosen background
< δǫΨµ >= 0 , (3.15)
which leads to the usual covariantly constant spinor equation
∇µǫ = 0 . (3.16)
The number of conserved supercharges in our magnetic background is then
given by the dimension of the space of solutions of the covariantly constant
spinors, satisfying:
(1− Γ)ǫ = 0 . (3.17)
4 Existence of supersymmetric vacuum
In this section, we analyze the existence of solutions to the equations (3.16)
and (3.17), corresponding to vacua with N = 1 supersymmetry in four
dimensions, and discuss their properties.
4.1 Solution to the supersymmetry condition
We first decompose the spinor representation of SO(1, 9) under SO(1, 3) ⊗
SO(6) by defining the gamma-matrices:
γˆµ = Γµ ⊗ 1 , µ = 0, . . . , 3 (4.1)
γˆk = Γ
(4) ⊗ Γk , k = 4, . . . , 9, (4.2)
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of SO(1, 3) and SO(6), respectively. The chirality operators are defined as:
Γ(4) = iγˆ0γˆ1γˆ2γˆ3 , Γ
(6) = iγˆ4γˆ5γˆ6γˆ7γˆ8γˆ9 , (4.3)
and have both eigenvalues ±1. Under this decomposition, the Majorana-
Weyl spinor ǫI , with I = 1, 2, of SO(1, 9) can be written as
ǫI =
4∑
i=1
(ψi;I · ηi;I + ψ⋆i;I · η⋆i;I) , (4.4)
where ψ’s and η’s are, respectively, Weyl spinors of SO(1, 3) and SO(6) with
positive chirality:
Γ(4)ψi;I = ψi;I , Γ
(6)ηi;I = ηi;I , (4.5)
while the ψ⋆’s and η⋆’s are their complex conjugates with opposite chiral-
ities. For a magnetic field background F confined in the internal T 6, the
supersymmetry conditions (3.16) and (3.17) reduce to
(1− Γ)η = 0 (4.6)
∇η = 0 , (4.7)
with η = (ηi;1, ηi;2)
T .
Consider now the case where there are only two covariantly constant
spinors of SO(6), η and η⋆, conjugate to each other and with opposite chi-
rality, which satisfy equations (4.6) and (4.7) [9]. Using the complex basis
(2.10) for gamma-matrices, the condition (4.7) is then equivalent with the
existence of a single holomorphic 3-form Ω and a single Ka¨hler form J de-
fined by:
γij¯η = iJij¯η
γijkη = Ωijkη
⋆ . (4.8)
Furthermore, the field strength F splits in the complex basis in purely holo-
morphic F(2,0), F(0,2) and mixed F(1,1) parts. Using (4.8), one can then show
that eq. (4.6) is equivalent to [9]:
(iJ + F)3 = eiθ
√
|g6 + F| V6√|g6| (4.9)
F(2,0) = 0 , (4.10)
where V6 is the volume form of T
6 and g6 is its metric.
Eqs. (4.9) and (4.10) impose that the magnetized D9 branes preserve
N = 1 supersymmetry in four dimensions. In order to have more supersym-
metries, extra conditions have to be imposed, related to the requirement of
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existence of additional covariantly constant spinors satisfying (4.6), besides
the pair η and η⋆.
Eq. (4.9) can be rewritten in the form:
tan θ (J ∧ J ∧ F − F ∧ F ∧ F) = J ∧ J ∧ J − J ∧ F ∧ F , (4.11)
where the wedge product AN is defined with an implicit normalization factor
1/N !. Note that only the (1, 1)-part of F appears in this formula. Formally,
(4.11) can be also written as
Im
(
e−iθΦ
)
= 0 , (4.12)
with
Φ = (iJ +F) ∧ (iJ + F) ∧ (iJ + F) . (4.13)
The constant phase θ remains so far an unconstrained parameter.
4.2 θ-parameter and conserved supercharges.
Let us discuss now the set of θ-angles for which the supersymmetry pre-
served by the magnetized D9 branes is the same with the one preserved
by lower dimensional branes or orientifold planes Op with p ≤ 9. The rea-
son is that the presence of such objects is in general necessary for tadpole
cancellation [15], as we will see in the next section.
Choosing a basis on the torus T 6 where the Ka¨hler form Jij¯ and the
background field strength F are simultaneously diagonal Jij¯ = δij¯ and Fij¯ =
fi · δij¯ , with δ ≡ 13 ⊗ iσ2, Jij¯ = J⋆ji¯, Fij¯ = F⋆ji¯, one can express the field
strength components fi in terms of the T-dual angles ϕi of wrapped D6
branes in the i-th two-torus:
tanϕi = fi . (4.14)
The condition (4.11) for a supersymmetric vacuum then reads:
∑
i
ϕi =
3π
2
− θ . (4.15)
Moreover, the supersymmetry transformation parameter preserved by the
magnetized D9 branes has to satisfy
ǫ2 = Γ
0 · · ·Γ9ρ(F)ǫ1, (4.16)
where ρ(F) is the spinorial representation of the action of the magnetic
fluxes [16] and equals a phase, ρ(F) = ei
∑
i ϕi .
Let us examine now the fraction of supersymmetry preserved by orien-
tifold planes. Consider first the case of O3 planes [6], defined by the space of
fixed points of the orientifold action, which combines the world-sheet parity
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with the usual parity in the six internal dimensions. The invariant super-
symmetry transformation parameter under the orientifold action satisfies
the equation:
ǫ2 = Γ
4 · · ·Γ9ǫ1 . (4.17)
This condition, combined with the fraction (4.16) of the supersymmetry
conserved by the magnetized D9 branes gives rise to
ρ(F)η1 = −iη1 , (4.18)
where we used the decomposition (4.4) of the ten-dimensional spinor rep-
resentation. Comparing it with (4.15), we find that the same fraction of
supersymmetry can be preserved in the vacuum if the θ-angle vanishes,
θO3 = 0.
Let us repeat now the argument for O9-planes. An O9 is the fixed
plane of the world-sheet parity, and therefore the invariant supersymmetry
parameter ǫI should satisfy
ǫ2 = ǫ1 . (4.19)
This condition is compatible with eq. (4.16) for
ǫ1 = ρ(F)Γ(11)ǫ1 . (4.20)
Using again eq. (4.15) and choosing the chirality of the supersymmetry pa-
rameter in type IIB theory to be positive, we get from (4.20) and (4.15) the
condition on the θ-angle, θO9 = −π2 .
A similar analysis shows that the presence of (unmagnetized) D5 branes
or O5 planes is compatible with the choice for the θ-angle, θO9 = −π2 , while
the presence of D7 branes and O7 planes is compatible with the choice of
the θ-angle for O3 planes, θO3 = 0.
5 Moduli stabilization
Following our analysis of eqs. (4.10) and (4.11), we have seen that a sin-
gle magnetized D9 brane stack preserves N = 1 supersymmetry in four
dimensions for a restricted closed string moduli space. As we see below,
if we introduce several magnetic fluxes in the world-volume of different D9
branes, it will be possible to fix completely all moduli but the dilaton.
5.1 Example: Orthogonal Torus
Before proceeding with the analysis of equations (4.9) and (4.10), we consider
for illustration a simple example of a compactification on a factorized four-
dimensional orthogonal torus T 4 = (T 2)2. Thus, the non diagonal part of
the Ka¨hler form and complex structure τ -matrix, as well as the real part
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of the diagonal elements τii, i = 1, 2 are set equal to zero. The remaining
moduli are given by the two T 2 volumes
J1 = 4π
2R1R2 , J2 = 4π
2R3R4 (5.1)
and the corresponding shapes
τ11 = i
R2
R1
, τ22 = i
R4
R3
, (5.2)
where Rk, k = 1, . . . 4 are the four radii: xi = xi + 2πR2i−1 and yi =
yi + 2πR2i, with i = 1, 2. Following the Dirac quantization condition, the
magnetic fields introduced in any 2-cycle of T 4 are quantized as follows:
Hkl = 2πα
′Fkl
Vkl
=
mkl
nkl
α′
RkRl
=: pkl
α′
RkRl
, pkl ∈ Q , (5.3)
where Vkl = 4π
2RkRl is the area of the 2-cycle.
Consider now a D9 brane coupling to the magnetic field F which is
switched on only in the two diagonal T 2-directions F = (Fx1y1 , Fx2y2). This
magnetized brane preserves N = 1 supersymmetry in d = 6 dimensions,
when one of the scalars coming from the d = 10 vector multiplet gets zero
mass [10]. The corresponding fluxes then satisfy |Hx1y1 | = |Hx2y2 |. This
condition can be understood as a condition on the Ka¨hler form:
px2y2
J2
= ±px1y1
J1
. (5.4)
On the other hand, if the field F is switched on in the directions F =
(Fx1y2 , Fx2y1), it preserves N = 1 supersymmetry in d = 6 when |Hx1y2 | =
|Hx2y1 |, which can now be understood as a condition on the complex struc-
ture moduli:
px1y2τ11 = ±px2y1τ22 . (5.5)
Finally, if the D9 brane couples to a magnetic field F = (Fx1x2 , Fy1y2), the
N = 1 supersymmetry in d = 6 dimensions is recovered for |Hx1x2 | = |Hy1y2 |,
which can also be written as a condition on the complex structure moduli:
px1x2τ11τ22 = ±py1y2 . (5.6)
The D9 brane action in the background given in (5.4) reads
S = −
∫
M10
T9
√
|g +H| − µ9
∫
M10
CeH . (5.7)
Tp and µp are the respective tension and R-R charge of a Dp brane:
Tp =
1
gs
(α′)−
p+1
2
(2π)p
; µp = gsTp , (5.8)
12
where gs =< e
φ > is the string coupling, normalized so that for a D3 brane
gs = 2α, with α the usual 4d gauge coupling.
After compactification to d = 6 dimensions on the torus T 4, the action
(5.7) becomes for a supersymmetric configuration:
S = −
∫
M10
(T9
√
g10 + µ9C10) (5.9)
−
∫
M6
(T5
√
g6 |m1m2|+ µ5m1m2C6), (5.10)
where we denote mi = mxiyi and ni = nxiyi . We therefore see that the
magnetized D9 brane mimics the behavior of a D5 brane or a D¯5 anti-
brane, depending on the sign of m1m2 [10]. We therefore have to introduce
O5 or O¯5 planes in order to cancel the induced tadpole. The cases where
the fluxes satisfy (5.5) or (5.6) give similar results.
Let us consider now the compactification on a six-dimensional factorized
orthogonal torus T 6 = (T 2)3 with moduli Ji = 4π
2R2i−1R2i and τii = i
R2i
R2i−1
for i = 1, 2, 3. The N = 1 supersymmetry condition for a D9 brane coupled
to a magnetic field F = (Fx1y1 , Fx2y2 , Fx3y3) can be deduced for example
from the T-dual picture as a condition on the angles ϕi = arctanHxiyi :
|ϕ1|+ |ϕ2| − |ϕ3| = 0 . (5.11)
This relation can be written in terms of the magnetic fluxes as
|Hx1y1 |+ |Hx2y2 | − |Hx3y3 | = −|Hx1y1Hx2y2Hx3y3 | , (5.12)
when the wrapping numbers ni are positive, corresponding to the absence of
antibranes, or equivalently to angles |ϕi| ∈ [0, π/2]. By the use of the Dirac
quantization (5.3), this condition can also be understood as a condition on
the Ka¨hler moduli.
In the above supersymmetric vacuum, the square root in the DBI action
simplifies:
VDBI = −
∫
M10
T9
√
g4 (1− |Hx1y1Hx2y2 |+ |Hx2y2Hx3y3 |+ |Hx1y1Hx3y3 |) .
Thus, in this configuration, charges and tensions are induced in all three
2-cycles [xi, yi], i = 1, 2, 3. However, unlike the T
4 case (5.10), negative ten-
sion is induced in the 2-cycle [x3, y3]. This is important for making possible
induced 5-brane tadpole cancellation in a supersymmetric configuration in-
volving only magnetized D9 branes, i.e. in the absence of (anti-) D5 branes
and O5 planes, as it will become clear below.
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5.2 Conditions for N = 1 supersymmetry
Here, we perform a general study of eqs. (4.9) and (4.10), that can be inter-
preted as conditions for fixing the moduli in terms of the magnetic fluxes.
For that, we consider K stacks of Na D9 branes, with a = 1, · · · ,K. Fur-
thermore, we introduce on each stack a background magnetic field with con-
stant field strength F a on the corresponding world-volume and charge qa.
The magnetic fields are separately quantized, following the Dirac condition
qaF
a
kl = 2π ·
makl
nakl
≡ 2π · pakl , pakl ∈ Q , a = 1, · · · ,K . (5.13)
Written in the complex coordinates (2.4), the field strength decomposes
in a purely holomorphic and mixed part:
F a(2,0) = 2π(τ − τ¯)−1
T[
τT paxxτ − τT paxy − payxτ + payy
]
(τ − τ¯)−1 (5.14)
F a(1,1) = 2π(τ − τ¯)−1
T[−τTpaxxτ¯ + τT paxy + payxτ¯ − payy](τ − τ¯)−1(5.15)
where the matrices (paxx)ij, (p
a
xy)ij and (p
a
yy)ij enter in the quantized field
strength (5.13) in the directions (xi, xj), (xi, yj) and (yi, yj), respectively.
Note that F a(2,0) and F
a
(1,1) are 3× 3 matrices that correspond to the upper
half of the matrix Fa:
Fa = −2πiα′
(
F a(2,0) F
a
(1,1)
−F a†(1,1) F a∗(2,0)
)
, (5.16)
which is the modified field strength in the cohomology basis eij¯ defined in
(2.10). The supersymmetry conditions for each stack read:
F a(2,0) = 0 , a = 1, · · · ,K (5.17)
(iJ + Fa)3 = eiθa
√
|g + Fa| , a = 1, · · · ,K . (5.18)
All θa’s have to be the same in order to preserve the same supersymmetry.
We then have either θa = 0, or θa = −π2 ∀ a. Using eq. (5.14), the first
condition (5.17) can be seen as a restriction on the parameters of the complex
structure matrix elements τ :
τT paxxτ − τT paxy − payxτ + payy = 0 . (5.19)
The second set of conditions (5.18) gives, for fixed fluxes, restrictions on the
Ka¨hler parameters. Given the parametrization of the Ka¨hler form (2.11),
these conditions read:
tan θ (J ∧ J ∧ Fa −Fa ∧ Fa ∧ Fa) = J ∧ J ∧ J − J ∧ Fa ∧ Fa . (5.20)
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For vanishing purely holomorphic field strength imposed by (5.19), the ex-
pression for F reduces to the matrix
Fa =
(
0 Y a
Y a† 0
)
; Y a =
1
2
(2π)2α′Imτ−1
T (
payx − τT paxx
)
. (5.21)
This splits in the real and imaginary parts:
ReY a =
(2π)2α′
2
Imτ−1
T (
payx − ReτT paxx
)
, (5.22)
ImY a = −(2π)
2α′
2
paxx . (5.23)
Inspection of eqs. (5.19) and (5.20) shows that for each stack of magne-
tized D9 branes, we have up to three complex conditions for the moduli of
the complex structure, depending on the directions in which the fluxes are
switched on, whereas only one complex condition can be set on the Ka¨hler
moduli. Therefore, to fix all Ka¨hler moduli, we must add more stacks of
branes compared to the ones needed to fix the same number of complex
structure moduli.
5.3 Tadpole conditions
The last information we need for a consistent setup is the number and loca-
tion of lower dimensional objects, such as (anti-) D-branes or (anti-) orien-
tifold planes, in order to cancel the tadpoles induced by the fluxes. In the
case where the supersymmetry conditions (4.10) and (4.11) are satisfied, the
DBI and WZ actions read:
VDBI = −T9
K∑
a=1
Na
∫
Ma10
√
|g + Fa|
= −T9
K∑
a=1
Na
∫
M4
√
|g4|
∫
Ma6
Re [e−iθa(iJ + Fa)3]
= T9
K∑
a=1
Na
∫
M4
√
|g4|
∫
Ma6
{
sin θa (J ∧ J ∧ J − J ∧ Fa ∧ Fa)
+ cos θa (J ∧ J ∧ Fa −Fa ∧ Fa ∧ Fa)
}
(5.24)
VWZ = −µ9
K∑
a=1
Na
∫
Ma10
CeF
a
= −µ9
K∑
a=1
Na
∫
Ma10
{
C10 + C8 ∧ Fa (5.25)
+C6 ∧ Fa ∧ Fa + C4 ∧ Fa ∧ Fa ∧ Fa
}
,
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where the integral over the manifold Ma6 takes into account the winding
numbers nkl of the different branes.
One can easily recognize in the above expressions the various tadpoles
induced by the magnetic background fluxes. They correspond in the respec-
tive order to 10, 8, 6 and 4 dimensional spacetime filling tadpoles. In a
consistent compactification, the introduction of Dp branes (or Op planes)
with p = 3, 5, 7, 9 is then in general needed in order to cancel them term
by term. This is however not possible in a supersymmetric configuration,
because the simultaneous presence of Dp and D(p+2) branes (as well as Op
and O(p+2) planes) would break all supersymmetries. Thus, supersymme-
try can be preserved only for the special values of the angles θa discussed in
the previous section, namely θa = 0 and θa = −π2 .
Indeed, when θa = −π2 , the magnetized D9 branes preserve the same
supersymmetry as O9 planes and the DBI action reads
VDBI = −T9
K∑
a=1
Na
∫
M4
√
|g4|
∫
Ma6
(J ∧ J ∧ J − J ∧ Fa ∧ Fa)(5.26)
VWZ = −µ9
K∑
a=1
Na
∫
Ma10
{
C10 + C6 ∧ Fa ∧ Fa)
}
, (5.27)
where in the last equation we assumed that the magnetized abelian gen-
erators are embedded in higher dimensional non-abelian groups and are
traceless.
It is now convenient to consider a real basis ωr of H
2(T 6), with r =
1, · · · , h2, in which the quantization condition (5.13) for the magnetic fluxes
reads:
1
2π
qaF
a
r =
mar
nar
= par . (5.28)
We also define the quantity
Krst =
∫
T 6
ωr ∧ ωs ∧ ωt (5.29)
which is a sign, following the orientation chosen in (2.1). The 9-brane R-R
charge, q9,R, coming from the first term of (5.27), reads
q9,R =
K∑
a=1
∑
r,s,t
NaKrstnarnasnat , (5.30)
while the corresponding contribution to the tension, q9,NS, which comes
from the first term of (5.26), equals:
q9,NS =
K∑
a=1
∑
r,s,t
Na |Krstnarnasnat | . (5.31)
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Since we start with type I string theory with an O9 plane carrying 16 units
of R-R charge and tension, the R-R tadpole cancellation condition implies
q9,R = 16, while supersymmetry imposes that Krstnarnasnat is positive:
q9,R = 16 ; Krstnarnasnat ≥ 0 . ∀a = 1, . . . ,K . (5.32)
The second set of conditions comes from the induced 5-brane R-R charges
and tensions, emerging from the second term of eqs. (5.27) and (5.26). For
each 2-cycle C
(2)
r of the torus T 6, they are given by qr5,R and q
r
5,NS, respec-
tively:
qr5,R =
K∑
a=1
∑
s,t
NaKrst narmasmat =:
K∑
a=1
Na q
a
r , (5.33)
qr5,NS = −
K∑
a=1
∑
s,t
Na |Krst nar |masmat ; ∀ r = 1, · · · , h2 . (5.34)
To simplify our analysis, we will restrict ourselves to the “standard” case
with Krst nar ≥ 0 for any choice of 2-cycles r, s and t. This amounts to
considering angles |ϕi| ≤ π/2, or equivalently imposing the absence of anti-
branes. Then, the induced tensions qr5,NS and charges q
r
5,R have opposite
signs, implying that we have to add D¯5 branes and/or O¯5 planes in order
to cancel the induced tadpoles. But then, such a configuration would break
all supersymmetries. It follows that the total 5-brane tadpole contribution
must vanish for any 2-cycle r:
qr5,R = 0 , ∀r = 1, · · · , h2 . (5.35)
As a result, we will impose the R-R tadpole cancellation conditions (5.32)
and (5.35): q9,R = 16 and q
r
5,R = 0, together with the supersymmetry
constraints (5.17) or equivalently (5.19), and
Fa ∧ J ∧ J = Fa ∧ Fa ∧ Fa, a = 1, . . . ,K , (5.36)
or equivalently
∑
i ϕ
a
i = 0 (mod 2π), for any magnetized D9 brane stack a,
in the diagonal basis of section 4.2.
Furthermore, a condition of positivity for the real part of Φa defined in
eq. (4.13) has to be satisfied for each a, as it corresponds to the modified
world-volume element of each separate brane stack:
Re(e−iθaΦa) > 0 , ∀ a = 1, · · · ,K , (5.37)
with
Φa = (iJ + Fa) ∧ (iJ + Fa) ∧ (iJ +Fa) . (5.38)
For θa = −π/2, it reduces to the condition:
J ∧ J ∧ J − J ∧ Fa ∧ Fa > 0 , (5.39)
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which is equivalent to the positivity of the DBI lagrangian.
A similar analysis can be done for the choice of the angles θa = 0,
where the magnetized D9 branes preserve the same supersymmetry as O3
planes. This case can be obtained by T-duality from the above analysis, in
a straightforward way. The role of nar and m
a
r are then interchanged and
the induced 5-brane R-R charge and tension is replaced by 7-brane ones.
6 Explicit example with magnetized D9 branes
In this section, we present an explicit example of a toroidal model, where
both complex structure and Ka¨hler class moduli are completely fixed in
terms of specific choices for magnetic fluxes. Using the counting of conditions
we presented in section 5.2, one has to introduce at least five brane stacks
in order to fix all moduli. The model we describe below has instead nine
stacks of branes with fluxes in different directions on their world-volume and
θa = −π2 . This corresponds to a type I string theory with constant internal
magnetic fields on D9 branes.
6.1 Complex structure moduli stabilization
The choice for the fluxes in the world-volume of the different magnetized
D9 branes is given in Table 1. Following the Dirac quantization (5.13) and
the condition (5.17), the first three stacks of branes fix all complex structure
moduli but τ12. The diagonal elements are given by:
p1x1y2τ11 = p
1
x2y1
τ22 , p
2
x1y3
τ11 = p
2
x3y1
τ33 , p
3
x1x2
τ11τ22 = −p3y1y2 (6.1)
These conditions on the complex structure reproduce the results described
in eqs (5.5) and (5.6). They can be written as
τ11 = i
√
k1 · k3 , τ22 = i
√
k3k1
k1
, τ33 = i
√
k1k3
k2
, (6.2)
where ki are the rational numbers
k1 =
p1x2y1
p1x1y2
, k2 =
p2x3y1
p2x1y3
, k3 =
p3y1y2
p3x1x2
. (6.3)
Moreover, all but τ12 off-diagonal elements vanish: τij = 0.
The last three stacks introduce new conditions on the complex moduli:
τ11 = ik5
√
k6
k4
, τ22 = i
√
k4 · k6 , τ33 = i
√
k4k6
k6
, (6.4)
where ki are the ratios:
k4 =
p4y2y3
p4x2x3
, k5 =
p5y1y3
p5x1x3
, k6 =
p6x3y2
p6x2y3
. (6.5)
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Stack♯ Fluxes Fixed moduli 5− brane localization
♯1 (F 1x1y2 , F
1
x2y1
) τ31 = τ32 = 0 [x3, y3]
p1x1y2τ11 = τ22p
1
x2y1
♯2 (F 2x1y3 , F
2
x3y1
) τ21 = τ23 = 0 [x2, y2]
p2x1y3τ11 = τ33p
2
x3y1
♯3 (F 3x1x2 , F
3
y1y2
) τ13 = 0 [x3, y3]
τ11τ22 = − p
3
y1y2
p3x1x2
♯4 (F 4x2x3 , F
4
y2y3
) τ12 = 0 [x1, y1]
♯5 (F 5x1x3 , F
5
y1y3
) [x2, y2]
♯6 (F 6x2y3 , F
6
x3y2
) [x1, y1]
Table 1: Fixed complex structure moduli for each magnetized stack ♯ of
D9 branes depending on the quantized fluxes. The last column gives the
localization on the 2-cycles C
(2)
r , with r = [xi, yi], of the induced 5-brane
charges, following section 5.3.
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Furthermore, they impose the vanishing of τ12 = 0. Compatibility of the
new conditions (6.4) with those of eq. (6.2) imposes that the choice of fluxes
is constrained to
|k4| =
∣∣∣∣k3k2
∣∣∣∣ , |k5| =
∣∣∣∣k1k3k2
∣∣∣∣ , |k6| =
∣∣∣∣k2k1
∣∣∣∣ . (6.6)
6.2 Ka¨hler class moduli stabilization
From the final form of the complex structure fixed to a diagonal purely
imaginary matrix (6.2), we can write the F(1,1) part of the field strength as
the matrix (5.21) with
Y a = −i(2π)
2α′
2
(paxx − τ−1payx) , (6.7)
while the Ka¨hler class is subject to the supersymmetry condition (5.36). Let
us denote for definiteness the volume of the 4-cycles, corresponding to J ∧J ,
as
(J ∧ J)ij¯ = Vij¯ , (6.8)
where the indices i, j¯ correspond to the (1, 1)-cycle perpendicular to the
given 4-cycle.
In the above notation, the fluxes introduced in the world-volume of the
stacks ♯1, ♯2 and ♯6 contribute only to the real part of the complexified field
strength F(1,1). Using then the reality condition for the corresponding field
strength Fij¯ = F⋆ji¯, one finds that the supersymmetry condition (5.36) on
the Ka¨hler moduli leads to:
V12¯ − V21¯ = 0 , V13¯ − V31¯ = 0 , V23¯ − V32¯ = 0 . (6.9)
On the other hand, the magnetic fluxes on the stacks ♯3, ♯4 and ♯5 contribute
only to the imaginary part of F(1,1), and the condition (5.36) on the Ka¨hler
moduli imposes:
V12¯ + V21¯ = 0 , V13¯ + V31¯ = 0 , V23¯ + V32¯ = 0 . (6.10)
Thus, all together, the conditions (6.9) and (6.10) give:
Vij¯ = 0 , or equivalently Jij¯ = 0 ∀ i 6= j . (6.11)
It follows that only three Ka¨hler parameters remain unfixed, corresponding
to the diagonal part of the Ka¨hler form. We must therefore introduce some
new stacks of branes which add new conditions on the Ka¨hler parameters,
but preserve the values of the complex structure found previously.
One possibility is displayed in Table 2. The last three sets of fluxes
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Stack♯ Fluxes D5branes localization
[x1, y1]
♯7 (F 7x1y1 , F
7
x2y2
, F 7x3y3) [x2, y2]
[x3, y3]
[x1, y1]
♯8 (F 8x1y1 , F
7
x2y2
, F 8x3y3) [x2, y2]
[x3, y3]
[x1, y1]
♯9 (F 9x1y1 , F
9
x2y2
, F 9x3y3) [x2, y2]
[x3, y3]
Table 2: Additional stacks of magnetized D9 branes allowing the stabiliza-
tion of the diagonal part of the Ka¨hler form. The last column gives the
localization on the 2-cycles C
(2)
r , with r = [xi, yi], of the induced 5-brane
charges, as explained in section 5.3.
introduced in the stacks ♯7, ♯8 and ♯9 give the following restrictions on the
diagonal part of the Ka¨hler form:
 F71 F72 F73F81 F82 F83
F91 F92 F93



 J2J3J1J3
J1J2

 =

 F71F72F73F81F82F83
F91F92F93

 . (6.12)
Here, we denote the Ka¨hler moduli Jxiyi = Ji and the diagonal part of
fluxes, which are purely real, by Faxiyi = Fai . The solution of this linear
equation is constrained to positive values for the moduli Ji, i = 1, 2, 3, as
they represent the volumes of the corresponding 2-cycles [xi, yi].
6.3 Consistency conditions
We have seen above that the introduction of nine magnetized stacks of D9
branes allows us to stabilize the complex structure and Ka¨hler class T 6-
metric deformations to three factorized orthogonal tori T 2:
τ11 = i
√
k1 · k3 , τ22 = i
√
k3k1
k1
, τ33 = i
√
k1k3
k2
, τij = 0 (6.13)
This solution is acceptable only if the following three additional restrictions
are fulfilled:
• In each two-torus T 2, the complex structure describes the shape of the
torus,
τ =
R2
R1
eiϕ, (6.14)
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where R1,2 are the two radii and ϕ is the opening angle of the T
2
relative to the horizontal axis, with 0 < ϕ < π. A purely real complex
structure would correspond to the degenerate case and makes therefore
no sense. From eq. (6.13), we get:
ki > 0 , ∀i = 1, 2, 3. (6.15)
Then, once the fluxes on the three first three stacks are chosen, the
conditions (6.6) restrict the fluxes that can be switched on in the next
three stacks, since ki, i = 4, 5, 6, are determined. Moreover, a similar
positivity argument based on (6.4) implies that ki are also positive for
i = 4, 5, 6:
ki > 0 , ∀i = 4, 5, 6. (6.16)
• The Ka¨hler forms describing the volume of T 2’s must be real and
positive:
Ji = Jxiyi > 0 , ∀i = 1, 2, 3 . (6.17)
• The real part of the six-form iΦa defined in (5.38) is a volume form for
every stack of branes and must therefore be positive, as displayed in
eq. (5.39): J∧J∧J−J∧Fa∧Fa > 0 for all a = 1, . . . , 9. Consider the
example of the first stack. Here, the only non vanishing component of
the expression (5.39) is written as:
Jx1y1Jx2y2Jx3y3 + Jx3y3Fx1y2Fx2y1 > 0 . (6.18)
From the restriction (6.15), we find that the product of fluxes px1y2px2y1
is positive. From the restriction (6.17), the Ka¨hler forms Jxiyi are also
positive and the condition (6.18) is therefore trivially satisfied. This
argument can be similarly applied for all the first six stacks, but the
situation is different for the last three stacks of branes, where we have
switched on fluxes in the three 2-cycles [xi, yi], i = 1, 2, 3. The condi-
tion (5.39) can now be written as:
1−Hb1Hb2 −Hb1Hb3 −Hb2Hb3 > 0 , b = 7, 8, 9 ,
where we defined the magnetic fields Hbi =
Fbxiyi
Jxiyi
. Using the supersym-
metry condition (5.36),
Hb1 +H
b
2 +H
b
3 = H
b
1H
b
2H
b
3 , b = 7, 8, 9 , (6.19)
we get for instance (for Hb3 6= 0)
−H
b
1 +H
b
2
Hb3
(1 + (Hb3)
2) > 0 , (6.20)
which leads to the conditions on the fluxes:{
Hb1 +H
b
2 > 0
Hb3 < 0
or
{
Hb1 +H
b
2 < 0
Hb3 > 0
. (6.21)
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6.4 Tadpoles
Above, we found a set of consistency conditions which restrict the allowed
choice of background fluxes. They came from the geometrical character of
the complex structure and Ka¨hler class moduli, as well as from the positivity
of the modified volume forms Re(iΦa). A second set of restrictions comes
from the tadpole cancellation, which we examine here.
The nine stacks of magnetized D9 branes induce 5-brane R-R charges
qrR as well as NS-NS tensions in the three 2-cycles r = [xi, yi], i = 1, 2, 3,
given by the eqs. (5.33) and (5.34). As we argued in section 5.3, the absence
of anti-branes implies that the winding numbers are positive and the total
R-R 5-brane charge must vanish:
Krstnar ≥ 0 ;
9∑
a=1
Naq
a
r = 0 , ∀r = [xi, yi] , (6.22)
where
qar =
∑
st
Krstnarmasmat =
∑
st
Krstnarnasnat paspat , a = 1, . . . ,K = 9 . (6.23)
Moreover, the tadpole cancellation for the 9-brane R-R charge q9,R of eq. (5.30)
and tension leads to q9,R = 16 and the winding number positivity condition
Krstnarnasnat ≥ 0, as displayed in eq. (5.32).
Let us analyze first the contributions of the first six stacks to (6.22).
Following our choice for the magnetic fluxes, the tadpoles are induced only
in one of the three 2-cycles [xi, yi], as presented in Table 1. On the other
hand, the positivity conditions (6.15) and (6.16) on the first six stacks of
magnetized D9 branes restrict the sign of the product of fluxes pbsp
b
t > 0, for
b = 1, . . . , 6. All charges qbr are therefore given by q
b
r = Krstnbrnbsnbtpbsptb, and
are positive, following (5.32).
The contributions of the last three stacks of branes must therefore cancel
the positive charges qbr induced by the first six stacks. In this case, the fluxes
are switched on in the three 2-cycles [xi, yi], i = 1, 2, 3, and therefore tadpoles
are induced in all these 2-cycles. Furthermore, the positivity condition (6.21)
reduces the possible signs of the induced R-R 5-brane charges qb[xi,yi]. As the
components Jxiyi of the Ka¨hler form have to be positive from the consistency
requirement (6.17), a necessary condition for (6.21) to be satisfied is to use
different signs for the fluxes. There are indeed three possibilities:
sign(pcx1y1) = sign(p
c
x2y2
) 6= sign(pcx3y3)
sign(pcx1y1) 6= sign(pcx2y2) = sign(pcx3y3)
sign(pcx1y1) = sign(p
c
x3y3
) 6= sign(pcx2y2)
; c = 7, 8, 9 . (6.24)
Using (6.23) and the positivity condition (5.32), the signs of the 5-brane
charges qc[xi,yi] are given by:
sign(qc[xi,yi]) = sign(p
c
xjyj
pcxkyk), i 6= j 6= k 6= i , c = 7, 8, 9 . (6.25)
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We therefore notice that if we switch on fluxes in all 2-cycles [xi, yi], two
of the induced charges qc[xi,yi] contribute negatively to the tadpoles whereas
only one contributes positively. On the other hand, if one of the fluxes pcxiyi
vanishes, the only tadpole contribution is precisely qc[xi,yi], which has to be
negative, because of the supersymmetry condition (5.36). Thus, in both
cases, we see that the 5-brane charges induced by the last three stacks can
in principe cancel the positive contribution of the first six stacks. Finally,
the 9-brane charge q9,R (5.30) receives only positive contributions from the
brane wrapping numbers nar and the tadpole cancellation condition (5.32)
can be easily satisfied. In Appendix A, we give an explicit numerical example
where this is indeed realized.
7 Large dimensions
We have seen above that there exist configurations of magnetized D9 branes
which lead to N = 1 supersymmetric vacua in d = 4 dimensions with all
moduli fixed to the geometry of three factorized orthogonal torii. The non-
vanishing complex structure matrix elements correspond then to the ratio
of the radii within each of the three 2-cycles, τii = i
R2i
R2i−1
, whereas the
Ka¨hler class moduli describe their volumes, Ji = 4π
2R2i−1R2i. The latter
are functions of the fluxes switched on in the last three stacks of branes.
On the contrary, the values of the complex structure moduli are determined
only by the fluxes introduced in the world-volume of the first six stacks.
Here, we analyze the possibility of inducing a hierarchy between the string
length ls =
√
α′ and the values of the radii [17].
To this end, let us consider the generic configuration (6.12) written in the
real basis xi, yi, i = 1, 2, 3, with given fluxes p
c
xiyi
such that Fci = 4π2α′pcxiyi ,
c = 7, 8, 9. Moreover, we start from some given solution of the system that
leads to a consistent stabilization of the Ka¨hler moduli, of order say α′. This
means that there are some positive (J1, J2, J3) which solve the equations
(6.12), while the induced 5-brane tadpoles in the three 2-cycles [xi, yi]:
 q[x1,y1]q[x2,y2]
q[x3,y3]

 =

 m72m73 m82m83 m92m93m71m73 m81m83 m1m93
m71m
7
2 m
8
1m
8
2 m
9
1m
9
2



 N7N8
N9

 (7.1)
are negative, and can be cancelled by the charges induced by the first six
stacks. Here, we defined qr ≡
∑9
a=7Naq
a
r , m
a
i ≡ maxiyi , and we have chosen
for simplicity all winding numbers equal to one, naxiyi = 1 for a = 7, 8, 9, so
that the flux quanta pcr become equal to m
c
r.
Let us now rescale the three fluxes in the direction [x1, y1] by a factor Λ.
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The conditions (6.12) on the Ka¨hler moduli become
 ΛF71 F72 F73ΛF81 F82 F83
ΛF91 F92 F93



 JΛ2 JΛ3JΛ1 JΛ3
JΛ1 J
Λ
2

 =

 ΛF71F72F73ΛF81F82F83
ΛF91F92F93

 , (7.2)
which have obviously as solution the rescaled Ka¨hler form JΛ:
JΛ = (ΛJ1, J2, J3) . (7.3)
Thus, we have triggered a hierarchy between the first component J1 of the
Ka¨hler form and α′ by a factor Λ, given by the corresponding rescaling of
the fluxes mc1 → mc,Λ1 = Λmc1 switched on in the 2-cycle [x1, y1] of the first
torus, for the three stacks of branes c = 7, 8, 9. In this example, the other
components of the Ka¨hler form remain at their original values, of order α′.
The rescaling of the flux quanta induces also a rescaling qΛr of the 5-brane
charges (7.1): 

qΛ[x1,y1]
qΛ[x2,y2]
qΛ[x3,y3]

 =

 q[x1,y1]Λq[x2,y2]
Λq[x3,y3]

 . (7.4)
This contribution must be cancelled by an appropriate rescaling of the fluxes
introduced in the first six stacks. For simplicity, we consider the case where
the ratio of the radii within each T 2 R2i/R2i−1 = −iτii remains of order one.
The ratio of fluxes in each stack must therefore be of order unity, ka ∼ 1
for a = 1, . . . , 6. Choosing all non-trivial winding numbers equal to one,
Krstnar = 1, we get that the corresponding induced 5-brane charges (6.23)
are given by:
6∑
a=1


qa,Λ
[x1,y1]
qa,Λ[x2,y2]
qa,Λ[x3,y3]

 =

 N4(m
4,Λ
x2x3)
2 +N6(m
6,Λ
x2y3)
2
N2(m
2,Λ
x1y3)
2 +N5(m
5,Λ
x1x3)
2
N1(m
1,Λ
x1y2)
2 +N3(m
3,Λ
x1x2)
2

 != −

 q[x1,y1]Λq[x2,y2]
Λq[x3,y3]

 ,
(7.5)
where ma,Λr denote the rescaled magnetic fluxes, that we determine now.
Indeed, the second part of eq. (7.5) follows from the 5-brane tadpole
cancellation condition (6.22). It can be satisfied, if the fluxes of the stacks
♯1, ♯2, ♯3 and ♯5 are rescaled as:
m1,Λx1y2 =
√
Λm1x1y2 , m
2,Λ
x1y3 =
√
Λm2x1y3 ,
m3,Λx1x2 =
√
Λm3x1x2 , m
5,Λ
x1x3 =
√
Λm5x1x3 ,
(7.6)
while keeping the corresponding ratios ka, for a = 1, . . . , 6, fixed (of order
unity). Moreover, the fluxes in the stacks ♯4 and ♯6 remain unchanged. An
explicit numerical example is presented in Appendix B. It follows that there
is an infinite but discrete class of supersymmetric solutions, where some radii
can be made arbitrarily large.
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8 Stabilization of the R-R moduli
We have shown above that it is possible to fix all Ka¨hler and complex struc-
ture moduli in a consistent toroidal compactification with magnetic fluxes,
preserving N = 1 supersymmetry in four dimensions. We want now to ad-
dress the question of stabilization of the R-R moduli coming from the R-R
2-form. Recall that in the type I framework we work, the only R-R po-
tential of type IIB string theory which survives the orientifold projection is
the 2-form C2. Upon toroidal compactification from ten to four dimensions,
it gives rise to 6×52 = 15 massless scalars cmn, with m,n = 4, . . . , 9. Nine
of them complexify the Ka¨hler form J , whereas the remaining six form 3
additional complex scalars.
In a general magnetic background, we have shown that the Ka¨hler moduli
get fixed. Since the new vacuum preserves N = 1 supersymmetry, the real
part of the Ka¨hler moduli formed by the corresponding nine components
of the R-R 2-form should be fixed, as well. To describe the stabilization
mechanism, we remind first some properties of C2. In the low energy effective
action of the N = 1, d = 10 type I string theory, the field strength H3 of
the C2 potential, H3 = dC2, gets modified by a Chern-Simons (CS) term
coming from the gauge sector:
Scl =
1
2κ210
∫
e−2φ(−R ⋆ 1 + 4dφ ∧ ⋆dφ− e
2φ
2
H˜3 ∧ ⋆H˜3) , (8.1)
where κ210 =
1
4(2π)
7α′4 and
H˜3 = dC2 − α
′
4
Tr(A ∧ dA− 2i
3
A ∧A ∧A) (8.2)
with A the gauge potential. Note that C2 appears in the action (8.1) only
through derivatives, as expected. In fact, upon compactification in four di-
mensions, all R-R scalars are associated to perturbative Peccei-Quinn sym-
metries.
Consider now some U(1) directions with constant internal magnetic field
backgrounds. The corresponding gauge potential is A = (Aµ, Am), where
Aµ is the four-dimensional field, with µ = 0, . . . , 3, and Am describes the
magnetic background potential given in section 3.1. In this case, the CS
action simplifies and the interaction terms of the action (8.1) involving C2
give rise to
Sint =
1
4g210
K∑
a
Na
∫
M4
dC2 ∧ ⋆(Aa ∧ F a) , (8.3)
where g210 = 4κ
2
10/α
′, F a is the background field strength and Na is the
number of branes in the a-th stack. We thus obtain a kinetic mixing term
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between the axion fields cmn and the U(1) gauge bosons [10]:
Sint =
1
4g210
K∑
a
Na
∫
M4
d4x
√
g4A
a
µ∂
µcmn gmn,kl F
a
kl , (8.4)
where gmn,kl is the metric on the cohomology H
2(T 6),
g(α, β)H2 =
∫
T 6
α ∧ ⋆β , ∀α, β ∈ H2(T 6) . (8.5)
In the configuration presented in section 6, we introduced nine stacks of
magnetized D9 branes, with constant field strengths on their world-volume
given in Tables 1 and 2. From the kinetic mixing (8.4), it is easy to see that
precisely nine combinations of the axion fields cmn are absorbed by the nine
magnetized U(1) gauge fields and form massive gauge multiplets, together
with the corresponding Ka¨hler moduli.
In fact, in the complex basis (2.4), they are the nine R-R moduli with
mixed indices cij¯ that get absorbed into the mass of the gauge fields. More
precisely, the cohomology H2 splits into the cohomology H2,0⊗H1,1⊗H0,2
and the metric (8.5) splits also in three terms corresponding to a metric g1
on H1,1 [18],
g1(α1, α2) =
∫
T 6
α1 ∧ J ∧ J
∫
T 6
α2 ∧ J ∧ J∫
T 6
J ∧ J ∧ J −
∫
T 6
α1 ∧ α2 ∧ J , (8.6)
a metric g2 on H
2,0 and a metric g3 acting on their product as:
g3(α, β) =
∫
T 6
α ∧ ⋆β , ∀α ∈ H1,1(T 6) and β ∈ H2,0(T 6) . (8.7)
Since the internal manifold has been fixed by the fluxes to be a product of
three orthogonal T 2, the third part of the metric decomposition vanishes.
Indeed, since the non vanishing elements of the metric are of mixed type,
gij¯ , the Hodge star operation maps (2, 0)-forms into (1, 3)-forms. It follows
that the wedge product α∧ ⋆β is zero. Moreover, the vacuum configuration
requires a vanishing purely holomorphic field strength F a2,0 = 0 and, thus,
the metric g2 is irrelevant. Therefore, by the form of the mixing (8.4), only
the R-R moduli that are elements of the cohomology H1,1 are absorbed into
the mass terms of the U(1) gauge fields.
The purely holomorphic (and anti-holomorphic) part of the R-R 2-form
can not be absorbed into the U(1) mass terms. They enter however in the
complex structure moduli. Indeed, the latter are parametrized by the matrix
τ which has nine complex entries. Only six of them correspond to the purely
(anti-) holomorphic variation of the metric (δgi¯j¯) δgij . The remaining three
complex elements correspond to the (anti-) holomorphic variation of the RR
2-form (δc¯ij¯) δcij , which is a peculiarity of the toroidal compactification [1].
These are therefore fixed by the conditions (5.17) or equivalently (5.19). As
a result, all R-R moduli are also stabilized by our choice of magnetic fluxes.
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9 Generalizations and concluding remarks
In this section, we discuss the generalization of the method presented above
to stabilize moduli in type I string compactifications preserving N = 1
supersymmetry in four dimensions, such as orbifolds and Calabi-Yau man-
ifolds. An immediate problem that arises in compactifications with strict
SU(3) holonomy is that the only cohomology which exists is that of 3-forms
H3,0 and H2,1, as well as the one of 2-forms H1,1. In other words, the coho-
mology H2,0 is trivial. One could then naively conclude that the condition
(5.17) is trivially satisfied and, thus, the complex structure moduli cannot
be fixed.
One possibility to overcome this difficulty is to combine the above mech-
anism with the presence of NS-NS and R-R 3-form fluxes, that fix precisely
the complex structure moduli and the dilaton, but not the Ka¨hler class. The
latter can be fixed by turning on internal magnetic fields on the D9 branes,
leading to the condition (5.18), or equivalently to (5.20). The two mecha-
nisms are therefore complementary. Of course, in N = 1 compactifications
with holonomy different than SU(3), such as SU(2) times a discrete group
factor, the cohomology H2,0 is in general non-trivial and magnetic fluxes
on holomorphic 2-cycles can be used to fix (at least part of) the complex
structure moduli. This is for instance the case of Enrique surfaces in N = 2
compactifications with vanishing Euler number [19].
On the other hand, below we point out that the above conclusion is
naive and our method can be used to fix the complex structure, even in
compactifications with SU(3) holonomy and trivial H2,0 cohomology. The
reason is that despite the absence of four-dimensional zero modes for the in-
ternal components of gauge fields, that transform non-trivially under SU(3)
holonomy, one is still allowed to turn on (discrete) internal magnetic fields
that are invariant under the holonomy group.
To illustrate this point, we consider for simplicity a N = 2 supersym-
metric example of the orbifold compactification T 2 × T 4/Z2 [20]. Let us
denote the complex coordinate on T 2 by z1, and those on T
4 by za, with
a = 2, 3. The Z2-orbifold acts on the coordinates as a parity operation on
T 4:
Z2 : z2 → −z2 , z3 → −z3 . (9.1)
The dimension of the untwisted moduli space is therefore reduced. Only five
untwisted complex structure moduli remain, which are denoted, following
the notation (2.4), by:
τ11 , τab ; a, b = 2, 3 . (9.2)
Similarly, the dimension of the untwisted Ka¨hler class moduli is reduced
to five. Moreover, the purely holomorphic 2-forms of the type dz1 ∧ dza
are projected out by the orbifold action. The only remaining holomorphic
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2-form is dz2 ∧ dz3. The massless open string spectrum on the D9 branes
consists of a N = 2 vector multiplet of the gauge group U(16) and of hyper-
multiplets transforming under the antisymmetric representation 120+120.
The (complex) scalar components of the vector multiplets correspond to Ae1,
where A is the gauge potential and the superscript e denotes the U(16) Z2-
invariant (even) generators of the ten-dimensional SO(32) gauge group. On
the contrary, the Z2 action on the group index o of the two complex scalars
Aoa of the hypermultiplets, is odd.
For a purely holomorphic field strength to survive the orbifold projection,
its components
F12 = ∂[1A2] , F13 = ∂[1A3] , F23 = ∂[2A3], (9.3)
must have an even Z2-parity. It follows that F12 and F13 should involve
internal derivatives of the gauge potential Ao along the broken generators
of the SO(32), transforming as the hypermultiplets in the antisymmetric
representation of U(16):
F12 = ∂[1A
o
2] , F13 = ∂[1A
o
3] . (9.4)
Thus, even if there is only one (2,0)-form dz2 ∧ dz3 invariant under the
Z2-orbifold parity, all three internal components of F2,0 survive the orbifold
action. In fact, following our analysis of section 6, they are all needed in
order to fix the complex structure moduli.
In conclusion, in this work we have shown that the Ka¨hler class and
complex structure moduli of type I string compactifications can be fixed
by a suitable choice of internal magnetic fields, in vacua preserving N = 1
supersymmetry in four dimensions. Moreover, the moduli can be fixed at
arbitrarily large values by tuning the rational quantized fluxes. In contrast to
other stabilization mechanisms based on 3-form fluxes from the closed string
sector, this method has an exact string description and, thus, a validity
beyond the low-energy supergravity approximation. An open problem is
that the dilaton remains undetermined, consistently with the perturbative
nature of the mechanism. To fix the dilaton, one possibility is obviously
to turn on at the same time closed string 3-form fluxes, or alternatively to
use non-perturbative effects, such as multiple gaugino condensation in the
unbroken gauge group sector [21].
A different direction is to study moduli stabilization in vacua with bro-
ken supersymmetry using a straightforward extension of the mechanism we
described in this work. It is also interesting to apply this approach in semi-
realistic string models using explicit constructions of intersecting D-brane
configurations, that are related by T-duality to compactifications in the
presence of internal magnetic fields.
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A Example of consistent moduli stabilization
In this appendix, we give a numerical example of D9 brane magnetic flux
configuration allowing for a consistent stabilization of the complex structure
and Ka¨hler class moduli of the toroidal T 6 type I string compactification.
The fluxes to which the stacks ♯7 to ♯9 couple are
(m7, n7) = {(−2, 1), (0, 1), (1, 1)}
(m8, n8) = {(−1, 1), (1, 1), (−1, 1)}
(m9, n9) = {(0, 1), (−1, 1), (2, 1)}
From equation (6.12), we get
 −2 0 1−1 1 −1
0 −1 2



 J2J3J1J3
J1J2

 = (4π2α′)2

 01
0

 . (A.1)
Thus, our choice of fluxes fixes the Ka¨hler moduli (J1, J2, J3) to the values:
(J1, J2, J3) = 4π
2α′
(
2
√
2,
√
2
2
,
√
2
)
. (A.2)
Moreover, if these stacks contain N7 = N8 = 2 and N9 = 1 branes, the
induced 5-brane tadpoles in the 2-cycles [xi, yi] are:
(q[x1,y1], q[x2,y2], q[x3,y3]) = (−4,−2,−2) . (A.3)
Following the tadpole cancellation condition (5.35), the above R-R charges
have to be cancelled by the charges induced by the first six stacks of branes.
From the positivity condition (6.22) and our orientation choice (2.1), all signs
Krst (5.29) involved in the fluxes of the first six brane stacks are negative,
and thus the winding numbers nar , for a = 1, . . . , 6, should be chosen nega-
tive, as well. Here, we consider the following choice for the corresponding
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fluxes:
{(m1x1y2 , n1x1y2), (m1x2y1 , n1x2y1), (m1x3y3 , n1x3y3)} = {(1,−1), (1,−1), (0,−1)}
{(m2x1y3 , n2x1y3), (m2x3y1 , n2x3y1), (m2x2y2 , n2x2y2)} = {(1,−1), (1,−1), (0,−1)}
{(m3x1x2 , n3x1x2), (m3y1y2 , n3y1y2), (m3x3y3 , n1x3y3)} = {(1,−1), (1,−1), (0,−1)}
{(m4x2x3 , n4x2x3), (m4y2y3 , n4y2y3), (m4x1y1 , n4x1y1)} = {(1,−1), (1,−1), (0,−1)}
{(m5x1x3 , n5x1x3), (m5y1y3 , n5y1y3), (m5x2y2 , n5x2y2)} = {(1,−1), (1,−1), (0,−1)}
{(m6x2y3 , n6x2y3), (m6x3y2 , n6x3y2), (m6x1y1 , n6x1y1)} = {(1,−1), (1,−1), (0,−1)}
This choice satisfies the consistency conditions (6.15), (6.16) and (6.6), as
all ka = 1 for a = 1, . . . , 6. The complex structure is then fixed to the
imaginary diagonal matrix (6.2) with
(τ11, τ22, τ33) = i(1, 1, 1) . (A.4)
We have therefore found a D9 brane magnetic background which fixes
the geometry of the torus T 6 to be a product of three square torii with radii
R2i−1 = R2i, i = 1, 2, 3, given by (A.2). Let us now choose the number of
branes in each of the first six stacks in order to cancel the charges induced
by the last three stacks 7, 8 and 9. We take N4 = N6 = 2, and N1 = N2 =
N3 = N5 = 1, so that the induced 5-brane charges (7.5) on the three 2-cycles
are:
(q[x1,y1], q[x2,y2], q[x3,y3]) = (4, 2, 2) , (A.5)
which cancel exactly the charges (A.3). On the other hand, the contribution
to the D9 brane tadpole is:
9∑
a=1
Na
∑
rst
Krstnransanta = 13 , (A.6)
implying that we have to add 3 additional non-magnetized D9 branes (and
their images), in order to satisfy eq. (5.32).
B Moduli stabilizaton with 2 large dimensions
We want now to find an appropriate rescaling of the solution in the example
shown in the previous appendix in order to induce a large volume hierarchy
(compared to α′). Following the reasoning of section 7, as an illustration, we
are interested in triggering two large dimensions. To do that, we rescale the
component [x3, y3] of the fluxes (A.1) by a factor Λ = N
2, for some integer
N . The system of conditions on the Ka¨hler moduli then reads:
 −2 0 N2−1 1 −N2
0 −1 2N2



 JΛ2 JΛ3JΛ1 JΛ3
JΛ1 J
Λ
2

 = (4π2α′)2

 0N2
0

 , (B.1)
31
with solution:
JΛ = 4π2α′
(
2
√
2,
√
2
2
,
√
2N2
)
. (B.2)
The induced 5-brane charges (5.33) in the different 2-cycles are(
q[x1,y1], q[x2,y2], q[x3,y3]
)
=
(−4N2,−2N2,−2) , (B.3)
for the same brane stack multiplicities we used in Appendix A.
Let us now find a flux configuration in the first six brane stacks in a
way to cancel these charges, and such that the complex structure moduli τ
remain at the value:
(τ11, τ22, τ33) = i(1, 1, 1) . (B.4)
This can be achieved by choosing the ratios of fluxes equal to one, ka = 1,
a = 1, . . . , 6. These stacks induce then six dimensional charges given by:
6∑
a=1


qa[x1,y1]
qa[x2,y2]
qa[x3,y3]

 =

 2(m
4,Λ
x2x3)
2 + 2(m6,Λx2y3)
2
(m2,Λx1y3)
2 + (m5,Λx1x3)
2
(m1,Λx1y2)
2 + (m3,Λx1x2)
2

 . (B.5)
They are all positive and can cancel the tadpoles of (B.3) by choosing:
m4,Λx2x3 = m
6,Λ
x2y3
= m5,Λx1x3 = m
2,Λ
x1y3
= N . (B.6)
With this choice of configuration, the geometry of the internal space is fixed
to a product of three square torii with radii R2i−1 = R2i, and
R21 = 2
√
2α′ , R23 =
√
2
2
α′ , R25 =
√
2N2 α′ . (B.7)
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